Dehydrins (group 2 late embryogenesis abundant proteins) are intrinsically-disordered proteins that are expressed in plants experiencing extreme environmental conditions such as drought or low temperature. Their roles include stabilizing cellular proteins and membranes, and sequestering metal ions. Here, we investigate the membrane interactions of the acidic dehydrin TsDHN-1 and the basic dehydrin TsDHN-2 derived from the crucifer Thellungiella salsuginea that thrives in the Canadian sub-Arctic. We show using compression studies with a Langmuir-Blodgett trough that both dehydrins can stabilize lipid monolayers with a lipid composition mimicking the composition of the plant outer mitochondrial membrane, which had previously been shown to induce ordered secondary structures (disorder-to-order transitions) in the proteins. Ellipsometry of the monolayers during compression showed an increase in monolayer thickness upon introducing TsDHN-1 (acidic) at 4°C and TsDHN-2 (basic) at room temperature. Atomic force microscopy of supported lipid bilayers showed temperature-dependent phase transitions and domain formation induced by the proteins. These results support the conjecture that acidic dehydrins interact with and potentially stabilize plant outer mitochondrial membranes in conditions of cold stress. Single-molecule force spectroscopy of both proteins pulled from supported lipid bilayers indicated the induced formation of tertiary conformations in both proteins, and potentially a dimeric association for TsDHN-2.
Introduction
Crop yields are severely affected by various environmental stresses such as low temperature and drought. Low temperature may lead to poor germination, stunted seedlings, yellowing of leaves (chlorosis), reduced leaf expansion and wilting, and eventual tissue necrosis. However, low temperature tolerant plants have evolved many ways to cope with environmental stresses. One response to these conditions is the induction of genes that encode the late embryogenesis abundant (LEA) proteins [1, 2] . To date, the group 2 LEA proteins, also known as dehydrins, have been the most extensively investigated [3] [4] [5] [6] [7] . The way in which LEA proteins in general, and dehydrins in particular, function to protect plants from environmental stress is thought to involve diverse mechanisms as previously reviewed, e.g., [1, 4, 6, [8] [9] [10] [11] [12] [13] . They are proposed to stabilize and maintain the integrity of intracellular enzymes [14] [15] [16] [17] , plasma and organellar membranes [8, 9, 11, 12, 18, 19] , and actin microfilaments [20, 21] . Most LEA proteins are intrinsicallydisordered proteins [22, 23] , and undergo diverse disorder-to-order transitions depending on their environment (e.g., [24] [25] [26] [27] ). It is generally accepted that the intrinsically-disordered and extended conformation of LEA proteins allows them to sequester water and sugars in a tightly hydrogen-bonded network to form a hydrocolloid or gel [22, 23, 28] . They have also been proposed to sequester calcium, and , and free radicals in vivo (reviewed in [12] ). Dehydrins are characterized by the presence of one or more K-segments, lysine-rich domains that have the potential for electrostatic and hydrophobic interactions with membranes attributed to the formation of amphipathic α-helices [24, 25, 29] . They also may have Y-, S-, and φ-segments, the combination of which defines their specific classification [3, 4] . The K-segments have also recently been reported to have enzyme-stabilization effects [17] , in addition to membrane association.
The dehydrins TsDHN-1 and TsDHN-2 are homologues of the dehydrin RAB18, and were originally isolated from Thellungiella salsuginea (salt cress, also called Thellungiella halophila), a close relative of Brassica spp. [30] . This plant is a crucifer that thrives in the Canadian sub-Arctic (Yukon Territory) where it grows on saline-rich soils and experiences periods of both extreme cold and drought, and has been proposed as a model plant for research on abiotic stress tolerance [31] . The amino acid sequences and secondary structure predictions [32] of TsDHN-1 and TsDHN-2 are shown in Fig. 1 . Both of these proteins are of the Y n SK 2 class, although the former is acidic (calculated pI 5.25, M r 30140.3 Da), and the latter is slightly basic (calculated pI 7.91, M r 21435.1 Da). We have previously reported that TsDHN-1 and TsDHN-2 gain ordered secondary structure upon association with large unilamellar vesicles (LUVs) that mimic the plant plasma and organellar membranes in vitro [11] , that zinc induces further disorder-to-order transitions under such conditions [12] , and that phosphorylation of these proteins facilitates actin assembly in vitro [21] . Reducing the temperature also appeared to induce and/or stabilize ordered secondary structure in the proteins [11] . These structural characteristics of TsDHN-1 and TsDHN-2 highlight their functions in facilitating cold and drought tolerance in T. salsuginea, by both membrane and cytoskeletal stabilization.
In the present study, we have examined further the interaction of TsDHN-1 and TsDHN-2 with lipid monolayers, and with supported lipid bilayers formed by vesicle-fusion techniques. In these experiments, we have evaluated the stability of the membranes in terms of the maintenance of surface pressure and fluidity following the introduction of the dehydrin molecules. By using monolayer compression techniques in a Langmuir-Blodgett trough, we demonstrate that the acidic TsDHN-1 stabilizes lipid monolayers with a lipid composition mimicking the plant outer mitochondrial membrane at 4°C, whereas the basic TsDHN-2 stabilizes lipid monolayers with the same composition at room temperature. Atomic force microscopy topographic studies of supported lipid bilayers were consistent with the interpretation of the results of the monolayer compression experiments, suggesting that the acidic TsDHN-1 dehydrin plays a significant role in maintaining membrane fluidity at low temperatures, whereas the basic TsDHN-2 dehydrin results in more ordered domains within the membranes at ambient temperature. Single-molecule force spectroscopy measurements could be interpreted by the formation of α-helical and β-strand secondary structure, defined tertiary arrangements, and dimerization Fig. 1 . Amino acid sequences of the T. salsuginea dehydrins (A) TsDHN-1 (acidic) and (B) TsDHN-2 (basic), showing the characteristic K-segments, S-segments, Y-segments, and φ-segments. The predictions of segments with ordered secondary structures (α-helix or β-strand) were derived from the Yaspin software package [32] . "NLS" denotes a predicted nuclear-localization signal (cf., [21] ). (The colored version of this figure can be seen in the online version of this article.) This figure has been adapted from references [11, 12] .
of TsDHN-2. The present results on dehydrin-membrane interactions, together with the results of our previous Fourier transform infrared (FTIR) studies [11, 12] , support the hypothesis that dehydrin molecules associate with and potentially protect plant plasma and organellar membranes under conditions of extreme cold [8, 10] .
Materials and methods

Materials
Chemicals used for these studies were reagent grade unless otherwise stated and were acquired from either Fisher Scientific (Unionville, ON) or Sigma-Aldrich (Oakville, ON). Electrophoresis grade chemicals were purchased from ICN Biomedicals (Costa Mesa, CA) or Bio-Rad Laboratories (Mississauga, ON). The Ni 2+ -NTA (nitrilotriacetic acid) agarose beads were purchased from Qiagen (Mississauga, ON). The lipids L-α-phosphatidylcholine (PC), L-α-phosphatidylethanolamine (PE), L-α-phosphatidylserine (PS), and cholesterol (Chol) were obtained from Avanti Polar Lipids (Alabaster, AL). Polystyrene (M n = 115.6 × 10 3 , polydispersity index =1.04) was purchased from Polymer Source (Dorval, QC, Canada). Muscovite mica was purchased from Structure Probe (Westchester, PA). Silicon wafers (boron-doped with orientation [100] ) were purchased from WaferNet (San Jose, CA).
Recombinant dehydrin over-expression and purification
The TsDHN-1 and TsDHN-2 proteins were over-expressed in E. coli BL21-CodonPlus(DE3)-pLysS cells (Stratagene), and purified as previously described using a SUMO-expression system [21] . Protein preparations were dialyzed extensively against 50 mM ammonium bicarbonate (pH 7.5), which is volatile, and lyophilized for long-term storage. There were thus no salts in the lyophilized proteins, and they were reconstituted by dissolving them in a suitable buffer. For use here, the TsDHN-1 and TsDHN-2 samples were dissolved in buffer (20 mM HEPES-NaOH, pH 7.3, 100 mM NaCl) at a concentration of 10 mg/mL (0.36 mM and 0.48 mM, respectively). Since these proteins lacked tryptophanyl residues, the extinction coefficients were exceedingly low and the protein concentration was determined by weighing lyophilized proteins in large scale (~10 mg), and aliquotting known amounts. Protein solutions were stored at −20°C.
Lipid monolayer association and thickness determination in a Langmuir-Blodgett trough
Lipid solutions (2 mg/mL) in chloroform were used to study the effects of the acidic and basic dehydrins on membranes mimicking the plant outer mitochondrial membrane (PC:PS:PE:Chol, 27:25:28:20 by weight ratio), as used previously [11] . A volume of 4 μL of the lipid solution was spread on the surface of a buffer (20 mM HEPES-NaOH, 100 mM NaCl, pH 7.3) within a KSV Mini Langmuir-Blodgett trough (KSV-NIMA, Espoo, Finland). The excess chloroform was allowed to evaporate for a period of 30 min before the monolayer was compressed to a selected initial surface pressure. After obtaining an equilibrated Langmuir isotherm, the protein (TsDHN-1 or TsDHN-2) was introduced into the sub-phase using a syringe without collapsing the lipid monolayer, and a concentration of 0.1 μM of TsDHN-1 or TsDHN-2 was achieved in the 100 mL bulk phase. The change in surface pressure was observed due to the interactions of the proteins with the lipid monolayer.
The change in monolayer thickness on the water surface due to the introduction of the protein into the sub-phase was determined by null-ellipsometry measurements, using an Optrel GbR Multiskop instrument operating at a He-Ne laser wavelength of 633 nm. The angle of incidence, measured with respect to the water surface normal, was chosen to be θ i = 23°. The ellipsometry measurement allows the determination of a polarizer angle (P) and analyzer angle (A) to obtain a minimum of reflected intensity at the photo-detector. By using an optical layer model described by Fresnel's equations, the measured values of P and A allowed the calculation of the surface layer thickness, using a value of n L = 1.5 for the index of refraction of the lipid layer.
Substrate preparation for AFM at different temperatures
For topographic studies of lipid bilayers at variable temperature, lipid bilayers were formed on freshly-cleaved mica by a vesicle-fusion method using large unilamellar vesicles (LUVs) that were prepared as previously described [11, 12] . Briefly, lipid stocks with compositions mimicking the plant outer mitochondrial membrane, in chloroform, were mixed at the desired mass ratio (PC:PS:PE:Chol, 27:25:28:20 by weight ratio) [11] . The solvent was evaporated under a mild flow of nitrogen gas, and subsequently kept under vacuum overnight for complete removal of the residual chloroform. Lipid mixtures were rehydrated in buffer (20 mM HEPES-NaOH, pH 7.3, 100 mM NaCl) at room temperature overnight with vigorous shaking and three freezethaw cycles. The freeze-thaw cycles allowed the formation of asymmetric lipid bilayers. Large unilamellar vesicles (LUVs) were formed by extruding lipid mixtures (61 times at 45°C) through a polycarbonate membrane with a 100 nm pore size. Suspensions of LUVs were incubated on freshly-cleaved mica for 60 min, and then rinsed with buffer (20 mM HEPES-NaOH, pH 7.3, 100 mM NaCl) to remove the unfused membranes.
For some comparative AFM experiments and for the single molecule force spectroscopy studies (below), supported lipid bilayers were prepared using the Langmuir-Blodgett/Langmuir-Schaefer touch method [33, 34] . Briefly, a volume of 4 μL (2 mg/mL in chloroform) of lipid solution (PC:PS:PE:Chol, 27:25:28:20 by weight ratio) was spread on the surface of a buffer (20 mM HEPES-NaOH, 100 mM NaCl, pH 7.3) within a KSV Mini Langmuir-Blodgett trough. After 30 min, which time allowed the excess chloroform to evaporate, the monolayer was compressed to an initial surface pressure of 20 mN/m. After obtaining an equilibrated Langmuir-Blodgett isotherm, a lipid monolayer was transferred to a freshly-cleaved mica surface using the Langmuir-Blodgett method with a transfer speed of 2 mm min . A second lipid monolayer was then transferred onto the same substrate using the LangmuirSchaefer touch method, at a constant surface pressure of 20 mN/m and at a transfer speed of~2 mm min −1 , forming a lipid bilayer on the mica surface.
Surface topography studies at ambient temperature using AFM
The supported PC:PS:PE:Chol lipid bilayers formed by the vesiclefusion method were imaged in the absence and in the presence of each dehydrin (at concentrations given below), using a commercial atomic force microscope (Multimode AFM with a Nanoscope IV controller, Veeco, Santa Barbara, CA) in contact mode in liquid. Si 3 N 4 cantilevers with a spring constant of 0.2-0.6 N/m (Veeco/Bruker AXS, Santa Barbara, CA) were used for imaging in liquid. The contact mode was chosen, since it allowed us to image and collect force-distance curves on the same area of the sample without changing the cantilever. For all imaging measurements, the maximum loading force was limited to a very low value (b 1 nN), and a scanning rate of 2-3 Hz was used to minimize tip-induced changes to the morphology of the samples. The spring constant was determined using the thermal noise technique provided with the instrument software. Topography and deflection mode images were obtained simultaneously at ambient temperature, but quantitative information was obtained from the topographic images only.
For topography studies in the presence of proteins at ambient or variable temperature, the lipid bilayer surfaces were incubated with 20 μL of TsDHN-1 or TsDHN-2 in buffer (20 mM HEPES-NaOH, pH 7.3, 100 mM NaCl) at a concentration of 2 mg/mL for 30 min.
After gently rinsing the substrates with the buffer several times, the sample was placed into the AFM fluid cell.
All AFM experiments were done in triplicate, with several regions of each sample being measured. The regions displayed in the results here have been selected to be representative of the entire sample. A small scan size (2 μm× 2 μm) was chosen to achieve high spatial resolution. For the lipid bilayer samples, force-distance curves were routinely collected to ensure that the mica surface sampled was covered with lipid, as evidenced by rupture events as the AFM tip breaks through the bilayer.
Surface topography studies at variable temperature using AFM
Lipid bilayers formed on freshly-cleaved mica by a vesicle-fusion method were imaged in 20 mM HEPES-NaOH, pH 7.3, 100 mM NaCl using an Agilent 5500 SPM (Agilent Technologies, Palo Alto, CA, USA) with tapping mode (non-magnetic acoustic AC mode) and a 10 μm scanner. We used AFM cantilevers with a spring constant of 42 N/m (Nanoworld Innovative Technologies, Neuchâtel, Switzerland) and a custom-built fluid cell for imaging in liquid. A scanning rate of 2-3 Hz was used to minimize tip-induced changes to the morphology of the samples. Topography, amplitude, and phase mode images were obtained simultaneously at ambient temperature, 5°C, 10°C, or 45°C. Quantitative information was obtained from the topographic images. A heating plate compatible with the Agilent 5500 SPM was used to maintain the cell temperature at 45°C. A home-built Peltier cold plate was used to maintain the cell temperature at 5-15°C. A gravity-fed water cooling system was used to prevent overheating of the Peltier plate during the cooling of the sample. The temperature of the cell was measured with a Type K (chromel/alumel) thermocouple.
Substrate preparation for single-molecule force spectroscopy
For single-molecule force spectroscopy measurements, either dehydrin TsDHN-1 or TsDHN-2 was applied to freshly-cleaved mica, or to a polystyrene film spin-coated onto a silicon wafer, or to a lipid bilayer on freshly-cleaved mica prepared by the Langmuir-Blodgett/ Langmuir-Schaefer method. Polystyrene surfaces were prepared by spin-coating a 2% polystyrene solution in toluene onto a 1-cm 2 silicon wafer at 2500 RPM for 30 s (Headway Research, Model EC101D, Garland, TX). The coated surfaces were annealed at 50°C overnight, and were used within one week. The thickness of each polystyrene layer, as measured using a custom-built, single-wavelength, nulling ellipsometer, was found to be approximately 100 nm.
Single-molecule force spectroscopy (SMFS) measurements
For single-molecule force spectroscopy (SMFS) measurements, we measured dehydrin TsDHN-1 or TsDHN-2 molecules on freshlycleaved mica, polystyrene films on silicon wafers, and lipid bilayers (prepared by the Langmuir-Blodgett/Langmuir-Schaefer method) that were deposited onto freshly-cleaved mica. The SMFS experiments were performed using a commercial AFM (Multimode AFM with a Nanoscope IV controller, Veeco/Bruker AXS, Santa Barbara, CA) that was equipped with a closed loop z-axis scanner (PicoForce module) and Si 3 N 4 cantilevers with a spring constant of 0.2-0.6 N/m (Veeco/ Bruker). After collecting several force-distance curves in the absence of protein, the surface (freshly-cleaved mica, or a polystyrene film on a silicon wafer, or a lipid bilayer on freshly-cleaved mica) was incubated with 40 μL of TsDHN-1 or TsDHN-2 in buffer (20 mM HEPES-NaOH, pH 7.3, 100 mM NaCl) at a concentration of 2 mg/mL for 30 min. After gently rinsing the substrates with the buffer several times, the sample was placed into the AFM fluid cell. The surface of the Si 3 N 4 AFM cantilevers is considered to be electrically neutral at pH 6-8.5 due to the equal density of silanol and silylamine groups [35] . Therefore, the C-terminus of the protein may interact with the silylamine groups in the Si 3 N 4 cantilevers. Force-distance curves were measured using a z-velocity of 500 nm/s, both on approach and retraction, with an interaction time of~1 s between the AFM tip and the sample surface. The maximum loading force was limited to a very low value (~1 nN) to minimize damage to the sample surface.
Automated processing of large sets of force-distance curves
To obtain statistically relevant information from the single-molecule force spectroscopy data, it is necessary to collect many force-distance curves and to use a consistent, robust procedure to identify and analyze those curves that are judged to be acceptable. Manual procedures for identifying and analyzing large numbers of force-distance curves are time-intensive and subject to bias. Instead, we have established a minimum set of criteria by which to judge the acceptability of a given force-distance curve that allowed us to implement automated processing of the curves. A force-distance curve was considered to be acceptable if: (1) it contained at least one saw-tooth peak with a maximum force that was larger than the noise background (~50 pN); (2) the detachment peak occurred at a tip-sample separation distance that was larger than 5 nm, which excluded peaks that were due to nonspecific interactions between the AFM tip and the sample; (3) the data points beyond the detachment peak in the curve corresponded to a flat baseline with near-zero force; and (4) the data points within the detachment peak tracked continuously to the baseline, and were well-described by the worm-like chain (WLC) function:
where F is the force experienced by the AFM tip, x is the separation distance, L c is the contour length, L p is the persistence length, k B is Boltzmann's constant, and T is the absolute temperature.
To perform an automated analysis of the force-distance curves, the raw data were exported in ASCII format from the data acquisition software. These files were batch-processed using custom routines written in Octave (www.octave.org) [36] . The raw extension data values were converted to distance from the substrate, and the raw force data values were shifted so that the average of the force values measured for the largest 20% of the distance data values was zero (see Fig. 2A ). A local minimum algorithm was then applied to the data to identify the detachment peak for each curve. The set of criteria for the identification of well-defined detachment peaks described above was applied, which allowed ill-behaved local minima (such as those indicated by the green ellipses in Fig. 2A ) to be discarded. We note that the raw measured force values, with no smoothing of the data (as shown in Fig. 2 ), were used in applying the evaluation criteria.
The best-fit value of the contour length L c for each detachment peak was obtained by fitting the detachment peak data to Eq. (1). The fitting was performed using a Levenberg-Marquardt nonlinear regression with two fixed parameters, L p = 0.4 nm (a typical value used for polypeptides [37, 38] ) and F(0) = 0, and one free parameter, L c . In some instances, the fitting was sensitive to the initial guess of L c . To overcome this sensitivity, fits were performed using 20 different initial guesses, which were chosen as 20 equidistant points extending from the maximum force in the detachment peak (e.g., the red arrow on the horizontal axis in Fig. 2A ) to an additional distance of 50 nm away from the substrate. Using only those fits that converged, the mean of the best-fit L c values was taken as the final detachment length value. Also, for each of the force-distance curves included in the calculation of the mean value of L c , a plot of the force-distance curve together with the best-fit worm-like chain curves was exported. These plots were examined to check if the mean L c value was consistent with the experimental points. If not, the data sets were fitted manually using the Nanoscope software (Bruker AXS) and, if the resulting L c value was also not consistent with the data, the data set was discarded. This procedure allowed us to construct reliable histograms of the measured detachment length L c . Recently, we have used this procedure to show that nanoscale surface curvature suppresses oligomerization of adsorbed proteins [106] .
Results and discussion
Over-expression and purification of TsDHNs
We used the small ubiquitin-related modifier (SUMO) linked with a hexa-histidine tag to over-express the T. salsuginea dehydrins TsDHN-1 and TsDHN-2 in E. coli BL21-CodonPlus(DE3)-pLysS cells (Stratagene). The SUMO-fusion expression system is generally used to increase the solubility of over-expressed proteins in bacterial systems. A hexahistidine tag on the N-terminus of SUMO facilitates purification by nickel-chelating affinity chromatography, and the SUMO tag at the N-terminus of the protein of interest can subsequently be cleaved. We have previously used this expression system to produce recombinant peptide fragments of myelin basic protein [39, 40] , and of the T. salsuginea dehydrins TsDHN-1 and TsDHN-2 [21] , with high yields for structural and functional studies. The effects of TsDHN-1 and TsDHN-2 on the stability of bio-mimetic model membranes were first studied by lipid monolayer compression on a Langmuir-Blodgett trough. In addition, the thickness of the monolayer formed at the air-buffer interface in the KSV Mini LangmuirBlodgett trough was measured in situ, using ellipsometry.
A lipid composition mimicking the plant outer mitochondrial membrane with 27% PC, 25% PS, 28% PE, and 20% cholesterol (by weight) was chosen as being reasonably physiologically relevant, and because these dehydrins undergo a considerable disorder-to-order transition upon interaction with such membranes [11, 12] . The lipid monolayers at the air/buffer interface were compressed to an initial surface pressure of 15 mN/m. After the initial surface pressure stabilized, the protein was injected into the sub-phase, and the change in surface pressure for a fixed monolayer surface area was monitored. A series of plots of surface pressure time dependence are shown in Fig. 3A . The value of 15 mN/m for the initial surface pressure was chosen after numerous trials at higher initial surface pressures, such as 30 mN/m, at which no effect was observed after injection of either dehydrin into the sub-phase. A systematic experiment indicated that there was no increase in surface pressure after the introduction of the basic dehydrin TsDHN-2 into the sub-phase at initial surface pressures above a value of 22 mN/m (Fig. 3B) . This observation stands in contrast to our own experience with the highly membrane-adhesive myelin basic protein, where monolayer compression studies could reproducibly be carried out at 25 mN/m [L.N. Rahman, unpublished data], consistent with reports by other groups (e.g., [41, 42] ).
At 25°C, the introduction of the acidic dehydrin TsDHN-1 caused very little change in the surface pressure or monolayer thickness (Fig. 4A and C, respectively) , whereas the introduction of the basic dehydrin TsDHN-2 increased the surface pressure dramatically, and the monolayer thickness increased significantly by 0.88 nm (Fig. 4B  and D, respectively) . The increase in surface pressure due to the interaction of TsDHN-2 with the lipid monolayer was significant, 5-7 mN/m (Fig. 4B) , which is comparable to that observed for the interaction of myelin basic protein and membranes [43] [44] [45] , suggesting a strong interaction between the basic dehydrin and the lipid monolayer. We interpret the latter increase in surface pressure to be due to electrostatic interactions between the lipid monolayer and the basic proteins, which we consider to be an indication of membrane stabilization by these particular TsDHN-2 dehydrins.
Electrostatic interactions between negatively-charged lipids and basic polypeptides have been long known [46] and have been studied extensively previously, e.g., for the basic protein of myelin which is involved in stacking myelin membrane bilayers [41, [47] [48] [49] [50] , and for the MARCKS (myristoylated alanine-rich C kinase substrate) peptide [51, 52] . These interactions depend on the net negative charge of the polar head-group of the phospholipid, since binding affinity is not affected when phosphatidylglycerol (PG) is used instead of PS, for instance. Moreover, phosphorylation of the protein diminishes the strength of the association with the membrane [50] [51] [52] . It has thus been suggested numerous times that positively-charged peptides or cations condense and solidify negatively-charged phospholipids in a bilayer, when the phospholipids are in a pure state or in a mixture with neutral lipids, at constant temperature (e.g., [47, 53] ).
At 4°C, the interaction of the acidic dehydrin TsDHN-1 with the plant outer mitochondrial lipid monolayer was found to be stronger than for the basic dehydrin TsDHN-2, suggested by the increase in both surface pressure and monolayer thickness (compare Fig. 4E with 4F, and Fig. 4G with 4H ). Acidic TsDHN-1 likely interacts with the lipid monolayer through hydrogen bonding with the ionizable amine group in the phosphatidylethanolamine (PE) lipids within the lipid monolayer. Although hydrogen bonding is a weak interaction, it can become more important as the temperature is decreased (e.g., [54] ), and we attribute the strong interaction between the acidic dehydrin and the lipid monolayer at 4°C to this effect.
In the absence of TsDHN-1 or TsDHN-2, the thickness of the monolayer ranged between 2.8 and 3.4 nm at 25°C, whereas the thickness ranged between 4.5 and 5.2 nm at 4°C (Fig. 4C, D, G and H) . The increase in thickness of this monolayer may correspond to a transition to a more densely-packed lipid monolayer at lower temperature.
Although other LEA proteins interact electrostatically with membranes, this phenomenon can lead to aggregation of vesicles in vitro and leakage of content, which can be interpreted to be destabilization [18, 19] . We have not observed in vitro aggregation of large unilamellar lipid vesicles by either of the T. salsuginea dehydrins TsDHN-1 or TsDHN-2 [L.N. Rahman, unpublished observations], in contrast to myelin basic protein, which is designed to hold apposing membrane leaflets together [55, 56] . One potential explanation is that different LEA and dehydrin proteins can present their membrane-interacting motifs on two faces, enabling vesicle aggregation, or only on one face. Here, the monolayer experiments in Fig. 4 appear to be consistent with the notion of membrane stabilization by the T. salsuginea dehydrins TsDHN-1 or TsDHN-2.
Effects of TsDHN-1 and TsDHN-2 on outer mitochondrial-mimetic lipid membranes (supported bilayers) at various temperatures
Previously, we have shown that TsDHN-1 and TsDHN-2 interact with membranes and undergo disorder-to-order transitions, as ascertained by transmission and attenuated total reflectance (ATR) spectroscopy [11, 12] . In those studies, the emphasis was on changes in protein structure. Here, we have investigated further the interactions of these dehydrins with membranes using atomic force microscopy (AFM) imaging to observe the effects on the membranes. Fluctuating lipid domains in cellular or model membranes at the nanometer scale have been reported (e.g., [57] [58] [59] ). The dynamic lateral organization is regulated by factors such as lipid-protein interactions, the nature of the lipid head group, the lipid acyl-chain length, hydrophobic mismatch, and exposure to drug compounds [60] [61] [62] [63] [64] . The phase of the membrane is regulated by factors such as temperature change, lipid-protein interactions, ionic strength, and pH [58, [65] [66] [67] [68] [69] .
Supported lipid bilayers with a lipid composition mimicking the plant outer mitochondrial membrane (27% PC, 25% PS, 28% PE, and 20% cholesterol, by weight) were formed by the vesicle-fusion method. The fatty acid chains of the PC and PS lipids used here are unsaturated, whereas the chains are poly-unsaturated for PE lipids. The head-group of PC is larger than the cross-sectional area of the fatty acid chain, whereas the head-group of PE is smaller than the cross-sectional area of the fatty acid chains. Because of these properties, PC is known to form liquid-ordered domains, and PE is known to favor liquiddisordered or liquid-expanded domains; PS is known to be located also with PE in liquid-disordered domains [70, 71] . The preference of cholesterol for PC in a mixed bilayer composed of PC and PE has been reported [72] . The phase transition temperature for this mixture is not known but is expected to be broad. Cations or positively-charged peptides are able to raise the phase transition temperature of biological membranes or model membranes [46] . However, the length and degree of unsaturation in the fatty acid chains, and the nature of the polar head groups of the phospholipids, play important roles in the phase transition [73] .
Complete experimental results for the AFM experiments are presented in Figs. S1-S4, and selected data in Figs. 5 and 6. At ambient temperature (23°C), domains of diameter 0.2-0.4 μm were observed in the supported lipid bilayers with this lipid composition, prepared by the vesicle-fusion method, in the absence of protein ( Fig. 5A and E). In the presence of the acidic dehydrin TsDHN-1, larger domains were observed (Figs. 5C, G, S2A, S2C and S2E). In contrast, in the Fig. S1A; (B) Fig. S1C; (C) Fig. S2A; (D) Fig. S2B ; (E) Fig. S1I; (F) Fig. S1K; (G) Fig. S2E; (H) Fig. S2F. (The colored version of this figure can be seen in the online version of this article.) presence of the basic dehydrin TsDHN-2, increased height differences were observed (5 or 10 nm) suggesting stacking of bilayers (Fig. 5A, C and G). Phase separations observed in the case of supported lipid bilayers prepared by the Langmuir-Blodgett and Langmuir-Schaefer touch method were in agreement with these results (Fig. S3) . It can be concluded that dehydrin TsDHN-2 interacts with a physiologicallyrelevant model membrane bilayer at ambient temperature, potentially to stabilize it under extreme conditions.
In the absence of protein, a transition from the lipid fluid phase to the gel phase was observed at 10°C in lipid bilayers of this composition (Fig. S1) . At 5°C and 10°C, a large proportion of the lipid bilayer was in the gel phase, as would be expected (Fig. S1D) . The increased height differences (~5 nm) indicate more densely-packed phases. Loss of membrane functionality is expected at very low temperatures due the decrease of membrane fluidity. Fluidity of the supported lipid bilayer was maintained in the presence of acidic TsDHN-1 at 10°C, which was indicated by the observation of coexistence of the gel and fluid phases (Figs. 5D, S2B, S2D and S2F ). On the other hand, basic TsDHN-2 produced phase separations with domains with ill-defined shapes (Fig. 6B, D and H) . Neither protein had any influence on the phase state of the supported lipid bilayer at 45°C (Fig. S4) . From these results, we suggest that the acidic dehydrin TsDHN-1 might have a role in maintaining plant organellar membrane fluidity during low temperature stress. Single-molecule force spectroscopy is a useful tool for measuring forces at the single molecule level [74, 75] . For example, it allows the distinction between inter-and intra-molecular interactions that stabilize proteins [76, 77] , and is starting to be applied also to intrinsicallydisordered proteins [78, 79] . Surface-associated proteins can be unfolded in a controlled manner during a force spectroscopy experiment. With a single protein molecule adsorbed to the surface and adhered to the AFM tip, the protein unfolds as the tip-sample separation is increased, until contact between the tip and the protein molecule is broken. By plotting the force experienced by the AFM tip as a function of tip-sample separation (force-distance curves), characteristic information about the conformation and oligomerization of the proteins is obtained.
Force-distance curves for TsDHN-1 or TsDHN-2 adsorbed onto freshly-cleaved mica, a polystyrene film on a silicon wafer, and a lipid bilayer on freshly-cleaved mica, are shown in Fig. 7 . The mica surface is flat and rigid, and considered here to be hydrophilic; many biological molecules adsorbed to it retain their native structure (e.g., [80, 81] ). In contrast, the polystyrene surface is hydrophobic. Although the outer surface of the phospholipid bilayer is polar and thus hydrophilic, we consider it in the discussion below to behave hydrophobically with respect to the dehydrins that penetrate into the interior, to some extent. Here, a significant proportion (~8% for all surfaces) of the retraction curves contained saw-tooth peak features, consisting of a nonlinear increase in the force with separation, followed by an abrupt return to zero force (Fig. 7) . Typically, the force-distance curves contained several saw-tooth peaks, and each peak was fit to the worm-like chain model (Eq. (1)). From the fits to each saw-tooth peak as depicted in Fig. 2 , the length of the unfolded segment of the protein was obtained, allowing the determination of the number of amino acids in the unfolded segment.
Although the secondary structure of the TsDHN-1 and TsDHN-2 molecules is not as well-defined as for other molecules such as titin that have been extensively studied using SMFS [37, [82] [83] [84] , statistical analysis of a large number of force-distance curves in the present study produced reliable information about the contour length L c and the unfolding force F u . It is apparent in the histograms of L c (Fig. 8) , and of the corresponding values of F u (Fig. 9) , that the underlying substrates affect the oligomerization of these protein species.
For the hydrophilic mica surface, a single peak was observed in each, centered at L c = 88 ± 11 nm for TsDHN-1 (Fig. 8A) , and at L c = 77± 7 nm for TsDHN-2 (Fig. 8B) . The contour length values determined for TsDHN-1 and TsDHN-2 on mica are slightly less than the fullyextended lengths of the monomeric forms of the proteins: excluding the N-terminal methionyl residue which is cleaved post-translationally (see Fig. 1 ), TsDHN-1 is 266 amino acids long, corresponding to a fully extended length of 106.4 nm, and TsDHN-2 is 214 amino acids long, corresponding to a fully extended length of 85.6 nm. The measured contour lengths are slightly smaller than the actual contour lengths because one does not pick up each protein precisely at one terminus. Since the mica surface is hydrophilic, it is quite possible that proteins associated with this surface will exhibit conformations similar to those in solution.
The observation of single peaks in the contour length histograms indicates that the TsDHN-1 molecules exist in the monomer form on both hydrophobic surfaces: the polystyrene film (Fig. 8C) and the lipid bilayer deposited on a mica surface (Fig. 8E) . In contrast, a second but significantly smaller peak was observed in each histogram for TsDHN-2 on polystyrene (Fig. 8D ) and the lipid bilayer (Fig. 8F) , indicating that the basic TsDHN-2 molecules dimerize to some extent when they are associated with a hydrophobic surface. The contour lengths determined for TsDHN-1 or TsDHN-2 when associated with the hydrophobic lipid bilayer surface-L c = 55 ± 2 nm for TsDHN-1 (Fig. 8E) and L c = 65 ± 5 nm for TsDHN-2 (Fig. 8F) -were smaller than when associated with the hydrophilic mica surface (Fig. 8A and B, respectively), which we interpret as representing a tertiary compaction. These conclusions of compaction and oligomerization are based partly on our experience with single-molecule force spectroscopy of β-lactoglobulin adsorbed to different surfaces, and at different pH values [80, 81] , as well as on other examples in the literature [85] . Although the differences in the L c values could be partially due to different anchoring points on different surfaces, it is also possible that tertiary folding of both TsDHN-1 and TsDHN-2 was induced by association with lipids.
3.5. Unfolding forces derived by single-molecule force spectroscopy of dehydrins on different substrates-evidence for quaternary association of TsDHN-2
The unfolding forces corresponding to the measured monomeric contour length values are 77± 2 pN for TsDHN-1 (Fig. 9A ) and 79± 2 pN for TsDHN-2 ( Fig. 9B ) associated with mica. These values are comparable to the unfolding forces for α-helical domains in another intrinsically-disordered protein, α-synuclein [86, 87] . When associated with a lipid bilayer, the dehydrins showed two different unfolding force peaks, centered at 70± 1 pN and 150 ± 8 pN for TsDHN-1 (Fig. 9E) , and at 72± 2 pN and 117 ± 9 pN for TsDHN-2 (Fig. 9F) . The lower unfolding force peaks are comparable to the unfolding force peaks observed for these proteins associated with another hydrophobic surface, polystyrene ( Fig. 9C and D) . The higher unfolding force peaks are similar to the unfolding forces of titin [82] [83] [84] and tenasin [88, 89] , which are in the range of 80-300 pN. One possible explanation is that for the dehydrins, these higher unfolding forces could be attributed to formation of a β-structure (cf., [81] ). The force required to unfold a primarily α-helical segment is smaller (usually 15-25 pN), as observed in spectrin [90] . The β-rich structures are mechanically stiffer in certain orientations, since the direction of force applied can be perpendicular to the hydrogen bond network in the protein, instead of parallel as in α-helical proteins [81, 91] .
Generally, α-helical peripheral membrane proteins have been less extensively studied by AFM compared to β-rich proteins. Dramatic structural changes have been observed upon the interaction of α-synuclein with membranes, for which three α-helices are formed in the N-terminal region of α-synuclein, with the C-terminal segment remaining unstructured [86, 87, 92, 93] . The α-helical region of α-synuclein has been shown to remain conserved, even when associated with membranes. In dehydrins, the K-segments are generally considered to form amphipathic α-helices [19, 25, 29, 94] , and we have previously assumed this property to hold also for the two T. salsuginea dehydrins [11, 12] . The three K-segments at the N-terminus of TsDHN-1 are predicted by the Yaspin software package to have a propensity to form α-helices [32] (Fig. 1) . One K-segment at the N-terminus of TsDHN-2 is also predicted to have a propensity to form an α-helix (Fig. 1) . Curiously, two other K-segments of this basic protein were predicted to be able to form a β-structure. The contour lengths and unfolding forces determined by single-molecule force spectroscopy for TsDHN-2 are consistent with the formation of β-strands as the driving force of oligomerization of TsDHN-2.
The disorder-to-order transitions of these dehydrins in association with membranes (LUVs) of this composition have previously been indicated by transmission and ATR-FTIR spectroscopy [11, 12] . Some of the latter data, which was collected in the course of those studies but not previously published, has been selected and newly-represented in Fig. S5 in the Supporting Material. For the acidic TsDHN-1, the peak at 1641 cm −1 observed in aqueous buffer shifted towards 1649-50 cm −1 in the membrane environment, indicating a transition from random coil structures to α-helical structures (Fig. S5A) . Formation of β-sheet structure is suggested in the case of the basic TsDHN-2 when it is associated with the membrane, as indicated by peak maxima at 1634 cm −1 of the ATR-FTIR spectra (Fig. S5B) . Our interpretation here of β-sheet formation and oligomerization of TsDHN-2 on the lipid bilayers is thus supported by these ATR-FTIR results, so this idea is worthy of future investigation [95] [96] [97] .
Concluding remarks
Intrinsically-disordered proteins are challenging to understand since they are generally highly modified, especially by phosphorylation [98] , and multifunctional, with multiple interacting partners and diverse disorder-to-order transitions [99] [100] [101] . In addition, the conformations of intrinsically-disordered proteins are dynamic and highly dependent on environmental conditions such as temperature, pH, and salt concentrations [102, 103] . An important example of such extreme environmental changes is the case of dehydrins, which fulfill their role in plants undergoing abiotic stress [13, 22, 94, 104, 105] . Fig. 9 . Unfolding force histograms obtained in single-molecule force spectroscopy experiments for TsDHN-1 and TsDHN-2 on different surfaces: (A and B) freshly-cleaved mica, (C and D) a polystyrene film spin-coated onto a silicon wafer, and (E and F) a lipid bilayer (PC:PS:PE:Chol at a 27:25:29:20 weight ratio) on freshly-cleaved mica. Peaks in the histograms were fitted to Gaussian curves, indicated by the black curves, and correspond to the most probable unfolding forces: (A) F u =77±2 pN, (B) F u =79±2 nm, (C) F u1 =72±2 nm and F u2 =258± 8 nm, (D) F u =68±2 nm (E) F u1 =70±1 nm and F u2 =150±8 nm, (F) F u1 =72±2 nm and F u2 =117±9 nm. The number of curves n included in each histogram is given in the label in each plot. The uncertainties in the F u values represent the standard errors arising from Gaussian fitting of the histograms with the coefficient of determination (r 2 ) larger than 0.95.
Such considerations have motivated us to investigate the potential physiological roles of the T. salsuginea dehydrins TsDHN-1 and TsDHN-2 in maintaining the cold tolerance of this plant, particularly by stabilizing cellular membranes and cytoskeletal assemblies [11, 12, 21] . In the present study, we have investigated further the in vitro interactions of dehydrins TsDHN-1 and TsDHN-2 with membranes that have a lipid composition that mimics that of the plant outer mitochondrial membrane, to gain further insight into their physiological roles. By using monolayer compression techniques, we demonstrate that the acidic TsDHN-1 appears to stabilize lipid monolayers at 4°C, whereas the basic TsDHN-2 appears to stabilize lipid monolayers with the same composition at room temperature. Atomic force microscopy topographic studies of supported lipid bilayers were consistent with the interpretation of the results of the monolayer compression experiments, indicating that the acidic TsDHN-1 dehydrin plays a significant role in maintaining membrane fluidity at low temperatures, whereas the basic TsDHN-2 dehydrin results in more ordered domains within the membranes at ambient temperature. From our single-molecule force spectroscopy analysis and previous ATR-FTIR experiments, we conclude that both TsDHN-1 and TsDHN-2, upon adsorption onto a physiologically-relevant lipid bilayer, gain a more compact tertiary structure. The interactions between acidic TsDHN-1 and the phospholipid membranes are expected to be through hydrogen bonding, whereas the interactions between basic TsDHN-2 and the phospholipid membranes are expected to be primarily electrostatic. These strong but different interactions between the T. salsuginea dehydrins and the membranes, observed here and previously [11, 12] , give rise to concomitant induced folding (ordered secondary structure formation, compaction, and potentially dimerization in the case of TsDHN-2). Collectively, these results support further the idea that dehydrins associate with and potentially protect organellar membranes under conditions of extreme cold [8, [10] [11] [12] .
